This study investigated the effects of display type, student population, and environment on search time, accuracy, workload, change of critical fusion frequency (CFF), and subjective visual fatigue while performing a reading task. Twenty students participated in the experiment, where three types of display (liquid crystal display, electronic paper display, and plain paper), two student populations (junior high school students and college students), and two types of environment (a controlled laboratory and a carriage of a public transit system) were investigated. The results showed that the student populations were significantly different in terms of search time, accuracy, and subjective visual fatigue. The results also showed that the interaction between display type and student population was significant on workload. The reading performance of accuracy for participants in the laboratory was significantly better than that in the public transit system.
Introduction
Information technology is ubiquitous nowadays, even in our daily life, with versatile usage contexts and scenarios. As a result, many types of mobile devices have been created to fulfill these needs. For the convenience and portability, consumer electronic products such as cellular phones, personal digital assistants (PDAs), tablet PCs, and devices of specific purposes (reading devices, for example) have been widely used. Roughly categorized by function and screen size, PDAs and cellular phones, having screen sizes about 2 to 5 inches in diagonal, are mainly used for communication and impromptu content consuming. On the other hand, tablet PCs and reading devices, having screen sizes about 7 to 10 inches in diagonal, suit the needs of rich content interaction and basic document processing. The latter group of devices is replacing laptop computers, even desktop PCs, as these mobile devices are becoming more powerful, more convenient, and more affordable. In addition, since these devices have large and crisp screens, they are also suitable for content consuming and, of interest to this research, reading.
In recently years, touch screens have become one of the most popular displays in the market, especially for the devices mentioned above. Although touch screens are known to have some usage drawbacks, such as screen obscuration, induced arm fatigue, reduced brightness, and higher cost [1] , they are also favored for the advantages such as easiness to learn, better handeye coordination than mice or keyboards, nearly none extra space requirement, and durability.
Research Po-Hung Lin that people's visual performance is affected by vibration [13] [14] [15] [16] . In vibration environment, frequency increment of whole-body vibration affects the accuracy of number reading [13, 14] . C. J. Lin, et al. [15] also concludes that both the frequency and magnitude of vibration have significant effects on the reading performance of LCD displays. With regard to ship motion environment, Wertheim [17] indicates that participants' perception of small visual detail can be interfered. Yau, et al. [16] have optimized the Chinese interface design parameters in ship motion environment to improve participants' visual performance. This study focuses on an environment, a public transit system called Mass Rapid Transit (MRT), in which mobile devices are heavily used as a commute pastime.
Studies have also shown that reading performances of users at different ages vary when reading tasks are performed on various mobile devices, such as handheld computers [18] , PDAs [19] , and devices with electronic paper displays [5] . As we have expected, most of above studies conclude that young people have better reading performance than elder ones. However, most of participants in these researches are young college students. Past studies have also investigated college students' reading performance on different mobile devices [11, 12, 20] , but detailed investigation of other younger student populations, such as junior high students, is quite limited. With the popularity of mobile devices, younger students are now using mobile devices as text book replacement or alternatives. It is therefore worthy to investigate the reading performance of different student populations while using various mobile devices.
Reading performance between paper and screen can be measured in terms of speed, accuracy, comprehension, fatigue and preference [21] . In this study, searching time, accuracy, change of CFF (i.e. objective visual fatigue), and subjective visual fatigue were used to investigate the reading performance among three displays. In addition, workload for visual performance was also included in this study. In summary, display type, student population, and environment are three critical factors affecting students' reading performance. The purpose of this study is to assess the effects of these three factors on search time, accuracy, workload, change of CFF, and subjective visual fatigue.
P.-H. Lin [2] also indicated that a touch screen showed good usability and low workload. Modern touch screens on these mobile devices add one extra element to the equation -glossy surface -mainly for reasons of screen protection and aesthetics. Nevertheless, for reading purpose, the glossy surface reflects the incoming light, causing visual discomfort for the users.
For reading purpose, there are also dedicated reading devices with electronic paper displays, with screen estates similar to those of tablets, but weigh less and consume less power. The paperlike displays are also readable under sunlight, just like conventional paper. Because of the anti-glare surface treatments, which consists of laminating a matte (rough) surface layer used to diffuse the reflected light from external lighting sources, people can use electronic paper displays for prolonged reading. With the rapid advances of display technology, electronic paper has possessed more characteristics of conventional paper, such as the ability to roll or bend, that can enhance reading comfort and experience [3] . Past studies have also investigated the reading performance of electronic paper displays and indicated that surface treatment and bending curvature bring the significant impacts in participants' reading performance [4] [5] [6] [7] .
Since paper is still the prevalent method of knowledge dissemination in education, comparisons between conventional paper and electronic displays have been made in previous research work. Most of them indicated that paper is better than e-books and small-sized multimedia displays in terms of reading performance [8, 9] , of usability [10] , and of preference [11] . Reading performance on devices of different displays sizes, ranging from PDA, electronic reading device, and notebook, has also been investigated [12] . However, few studies have investigated the reading performances on similar-sized displays. This study will fill this gap by comparing the reading performance on a paper-based text book, a mobile device with LCD, and a reading device with electronic paper, all of which are of roughly equal screen dimension.
The portability of mobile devices brings about the versatility of usage contexts and scenarios, which in turn renders the ambient environment an important factor affecting reading performance. One of the prominent characteristics of usage contexts on the go is vibration. Vibration environment can make people feel dizzy, tired, and even interrupted. Past studies have showed Effects of Display Type, Student Population, and Environment on Reading Performance of Mobile Devices
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Experimental design
Three independent variables were evaluated in this study: display type, student population and environment. The three display types were liquid crystal display, electronic paper display, and plain paper. Student population was divided into junior high school and college students. The environments were classified into static environment (a controlled laboratory) and motion (a carriage of MRT) ones. Therefore, there were 3 (display type) × 2 (student population) × 2 (environment) combinations. Display type (D) and environment (E) served as within-subject factors, while student population (S) served as a between-subject factor. Each participant had to finish the six treatments and was randomly assigned to each of them.
Participants
Twenty participants, including ten junior high school students (seven males and three females; M=14.5, SD=0.71), and ten college students (eight males and two females; M=21.9, SD=1.1), were recruited. No participant was color blind and all had normal or corrected-to-normal vision.
Apparatus
An OPTEC 2000 vision tester and Standard Pseudo Isochromatic charts were used to test the visual acuity and color vision. The change of CFF value was measured with a LAFAYETTE 12021 Flicker Fusion. Three types of displays were including an Apple iPad 2 (1024×768 pixels, 9.56×7.47×0.5 inch), an Amazon Kindle DX (1200×824 pixels, 10.4×7.2×0.38 inch), and B5 size papers (10.28×7.28 inch). LT Lutron (LX-103) light meter was used to measure the illumination in the laboratory and MRT. A Baqi HK-102A counter was used for participants to record the times when they identified the target letters.
Experimental scenario
The experiment was conducted in a laboratory and in a carriage of MRT (Figure 1 ). For the MRT (see the right side of Figure 1 ), the selected route was from Houshanpi station to Taipei main station in Nangang Line of Taipei Rapid Transit Corporation, whose travel duration was approximately fifteen minutes. To avoid crowdedness, off-peak hours (about 9 to 11 AM and 3 to 5 PM) were used to conduct the experiment. The illumination inside a carriage of MRT Nangang Line was from 150 to 250 lux. The illumination of the laboratory was set at 200 lux in average in order to keep the illumination levels in both environments approximately equal.
Task and procedure
Before the experiment, the participant was asked to complete the basic demographics with five items (Table 1) . Then, paragraphs of pseudotext in Chinese were chosen as the experimental materials, which contained 750 frequently used Chinese characters and punctuation marks. These Chinese characters were presented or printed in 12-point font size of New Thin Ming type. The configuration of pseudo-text was arranged in 26 lines per page, with 34 characters per line. There were two pages of pseudo-text in each experimental combination. Each page was randomly selected from 750 frequently used Research Po-Hung Lin
Chinese characters and punctuation marks and was different among each other for avoiding participants' learning effect. Figure 2 shows the pseudo-text in Chinese used in this experiment.
Three target characters appeared in each page of pseudo-text. To avoid the influence of character complexity, one target character had high complexity (more than 13 strokes, e.g., 應 and 學), another character medium complexity (between 9 strokes and 12 strokes, e.g., 時 and 動), and the other low complexity (less than 8 strokes, e.g., 共 and 以). The target characters were randomly positioned in the pseudo-text, and the total number of target characters in each treatment was the same. Before the experiment, the participant was instructed to conduct a 10-minute pretest (its content did not appear in the formal experiment) for familiarizing the experimental tasks. If participants have the difficulties in reading, they were not allowed to join the experiment. After the experiment, the participant was asked to answer the three questions to share his/her opinion and thought about the experiment. The questions are "Do you think whether different displays/environments have the impact on your reading performance?
In what ways?", and "What do you think about the experiment in general?"
The experiment procedure was as follows:
(1) The visual acuity of the participant was obtained via the vision tester. If the score was lower than 0.8, the participant was excluded from the experiment.
(2) The CFF threshold of a participant was reported twice before each treatment. The CFF value was first adjusted from high to low frequency, and then from low to high frequency. The CFF threshold was the average of these two values.
(3) The participant was asked to scan the text from left to right, from up to down and identified the target Chinese characters as accurately and quickly as possible. Rescanning was not allowed. When the participant identified a target character, he/she pressed the counter once.
(4) The search time and accuracy were recorded after the participant completed each treatment.
(5) The CFF threshold was obtained after each treatment using the same procedure in
Step (2) . Then, the participant was asked to evaluate workload, and subjective visual fatigue through the questionnaire.
(6) A 10-minute break was given between treatments; Steps (2) to (6) were repeated for all treatments.
(7) The participant was asked to answer the post-experiment questions after finishing all treatments.
Dependent variables and data analysis
Five dependent variables were analyzed: search time, accuracy, workload, change of CFF, and subjective visual fatigue. Search time was defined as the total time for searching the target Chinese characters. Accuracy was a quotient of dividing the accumulated count of target Chinese characters by the total Chinese characters. For workload, the NASA Task Load Index (NASA-TLX), proposed by Hart and Staveland [22] ) was used to measure the subjective workload. This commonly used rating scale is based on six independent scales: mental demand, physical demand, temporal demand, performance, effort, and frustration. Participants' physical visual fatigue was measured by the change of CFF, which was the difference between the CFF thresholds before and after each treatment. The subjective visual fatigue was determined by the questionnaire developed by Heuer, Hollendiek, Kroger, and Romer [23] , which contained six items and the participants answered the items on a 10-point scale.
We conducted the analysis of variance (ANOVA) on search time, accuracy, workload, change of CFF, and subjective visual fatigue. The Duncan multiple range test was used to find the significances among the levels of independent variables. All statistical analyses were calculated with the Statistical Products Services Solution (SPSS). Effects
Results
The mean proportion of search time, accuracy, workload, change of CFF, and subjective visual fatigue at each level of the independent variables are shown in Table 2 . The ANOVA tables for each dependent variable are shown in Table 3 .
Search time
The ANOVA results for search time are shown in Table 3 and it indicated that student population (F(1, 18) =4.237, p<0.05) was significant. The mean values of search time for junior high school students and college students were 633.33 and 741.35 seconds, respectively. The junior high school students had significantly better performance on search time than the college students did. However, environment and display type were not significant factors.
Accuracy
The ANOVA results for accuracy are shown in Table 3 , which indicates that student population (F(1, 18)=5.182, p<0.05) and environment (F(1, 18)=5.55, p<0.05) were significant. The mean values of accuracy for junior high school students and college students were 0.71 and 0.77 (Table 2) , which indicated that college students' accuracy was significantly better than those of junior high school students. In addition, the mean values of accuracy for laboratory and MRT were 0.76, and 0.73, which also indicated that participants' accuracy in laboratory was significantly better than in MRT.
Workload
The ANOVA results for workload are shown in Table 3 , which indicates that environment (F(1, 18)=4.452, p<0.05) and display type×student population (D × S) interaction (F(2, 36)=3.585, p<0.05) were the significant factors. For D × S interaction, as shown in Figure 3 , college students' highest workload was found in the paper, and then is the electronic paper display, and the last one is the liquid crystal display. However, junior high school students' highest workload was found in the liquid crystal display. The results also indicated that environment is a significant factor in workload. The mean values of workload for the laboratory and the MRT were 34.38 and 41.44, respectively.
Change of CFF and subjective visual fatigue
The ANOVA results for the change of CFF indicated that none of the independent variables were significant. The ANOVA results for subjective visual fatigue are shown in Table 3 and it indicated that student population (F =7.689, p<0.05) was significant. The mean values of subjective visual fatigue for junior high school students and college students were 2.28 and 3.74.
Discussion
Since some similar results found among dependent variables, we summarized as the overall discussion here. In search time, the results indicated that the junior high school students had significantly better performance than the college students did. However, junior high school students had worse performance than college students did in accuracy and subjective visual fatigue. A possible explanation may be that college students were more mature and could search the Chinese characters in detail and therefore spend longer search time, which resulted in higher accuracy and subjective visual fatigue. Wigfield and Guthrie [24] indicated that fifth graders were less motivated readers than were the fourth graders. Korat [25] concluded that beginner readers have the high reading performance in a comparison between first grade and kindergarten students. Table 4 , participants' replies from the third question showed that six out of ten (60%) junior high school students reported that they felt curious about the experiment. In fact, when people are curious about one thing, they may not feel the pressure because they are interested in it. Curiosity is an important element Research Po-Hung Lin in reading motivation [24, 26, 27] . Compared to college students, junior high school students did not have too many opportunities to participate in ergonomic experiment. Besides, curiosity could also be a reason to explain the difference between the change of CFF and subjective visual fatigue. Ideally, subjective visual fatigue is consistent with physical visual fatigue. The results indicated that student population was significant on subjective visual fatigue, but was not significant on the change of CFF. This difference may be explained by the psychological factor of junior high school students, which showed that they were curious about searching task; however, due to the curiosity, they tended to speed up in searching in their mind. Although there is still significant difference on subjective visual fatigue, no significant difference was found on change of CFF due to improved physical visual fatigue from speed up in searching. In general, as shown in Table 2 , curiosity could be a possible reason for junior high school students' short search time, low accuracy, workload, and visual fatigue.
As shown in
As shown in Figure 3 , for D × S interaction, college students' the highest workload was found in reading paper, and then is electronic paper display, and the last one is liquid crystal display. This result is not in line with previous study that reading paper or text book brings low visual fatigue [10, 28] . The possible reason was that about 150 to 250 lux ambient illumination is not sufficient for the reading no matter in a laboratory or in a carriage of MRT. This range of illumination level is between 100-150-200 (Category C) and 200-300-500 lux (Category D), where visual tasks are performed occasionally or only suitable for high contrast or large size visual tasks [29] . Because iPad is a self-luminous display, ambient illumination can be increased when people using it and therefore low workload was obtained. The results also can be applied to the electronic paper display and paper. The above argument could be verified from the higher workload of junior high school students found for paper than for electronic paper display. However, junior high school students are having the highest workload in liquid crystal display. A possible explanation may be that they may not have so many chances to use iPads in the daily life as the college students for surfing on the internet, receiving information, and document processing. As shown in Table 1 , the last item in demographics also confirmed that the usage of iPad for college students is higher than that for junior high school students. In addition, compared to college students, most Effects of Display Type, Student Population, and Environment on Reading Performance of Mobile Devices junior high school students in Taiwan still use paper-based text books. This phenomenon is in accord with the results from the last item of Table 1 , which indicated that 60% junior high school students read paper-based text books in MRT. Those may be the reasons why highest workload was obtained for junior high school students.
In workload and accuracy, the results of ANOVA indicated that environment was significant. The accuracy in the laboratory was better in the MRT and the workload in the laboratory was lower in the MRT because a stable environment was more suitable for people to concentrate on reading tasks. The result of this study was consistent with Newell and Mansfield [30] and Paddan, et al. [28] , which indicated that vibration exposure and vibration frequency were significant on NASA-TLX workload scales. For accuracy, Lewis and Griffin [13, 14] indicated the accuracy for number reading was affected by vibration. C. J. Lin, et al. [15] further indicated that the frequency and magnitude of vibration had significant effects on accuracy.
Furthermore, display type was not significant in all indexes. Although insignificances were found, we further explore the results from the means. As shown in Table 2 , the mean search time for electronic book, liquid crystal display and paper were 693.3, 690.37, and 678.35 seconds, respectively. The reason for the longest search time found in the electronic paper display may be that participants were unfamiliar with it compared to the liquid crystal display (iPad). As shown in Tables 4 and 5, almost half participants reported that they were curious about the electronic paper display since this is the first time for some participants to use it. In addition, it is also reasonable that the shortest search time found in papers since some participants reported from the first question of Tables 4 and 5 that paper is the most comfortable display for the reading. Furthermore, although the time that most people stay in a carriage of MRT was not too short, a possible reason may be that the experimental task is not challenging enough for participants. It was also verified in terms of insignificants of change of CFF and subjective visual fatigue. Although Iwasaki, Kurimot and Noro [31] indicated that the red color CFF is significantly decreasing after working for 15 minutes with CRT display screens, the screens of mobile displays used in this study were only 9 to 11 inches and therefore it is considered that smaller screens could bring more visual fatigue easily. That is why the two pages of pseudo-text were set in each treatment (almost 13 minutes in average per treatment). From the results of this study, it can Research Po-Hung Lin be inferred that future studies for reading tasks could be conducted with more target characters or visual loadings so that the effect of display type on change of CFF and subjective visual fatigue could be further investigated.
Conclusion
The effects of display type, student population and environment on search time, accuracy, workload, change of CFF, and subjective visual fatigue were investigated. The results showed that student population was significant in terms of search time, accuracy, and subjective visual fatigue. Junior high school students may have the better performance than college students in search time and subjective visual fatigue due to their high curiosity. From the discussion of this study and related literature review from curiosity, it also implies that junior high school students may have stronger reading motivation than college ones. The results also indicated that the interaction between display type and student population was significant on workload. Except for junior high school students' unfamiliarity with the use of iPads, low ambient illumination in a carriage of MRT may be the main reason for the difference in workload. The result was further verified that the participants' reading accuracy in the laboratory was significantly better than in the MRT.
As described in discussion, more target characters or visual loadings could be considered in future studies to investigate the effect in visual fatigue. In addition, future studies could recruit elementary school or senior high school students as the participants. Other environments, such as reading in cars or buses, could also be considered for future testing scenarios. 
